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SUMMARY

This is the second part of the numerical investigation on a low emissions staged turbine combustor (STC) using
a modified version of the KIVA-II code. The main focus of this study is the numerical analysis of the reacting fluid
flow and heat transfer inside the quick-quench/lean-combustion (QQ/LC) zones. In the QQ zone, cool dilution air
was injected into the hot mixture through eight 45° inclined slots with a momentum flux ratio of 60. The slot aspect
ratio was 6 and the jet-to-mainstream mass flow rate ratio was 3. The inlet conditions of the QQ zone were obtained
from the results of rich combustion zone analysis described in part I. A tension spline interpolation scheme was then
used to interpolate the necessary information needed at the inlet. Conditions at the slot opening (dilution jet) were
chosen closely related to those encountered in advanced combustion systems. The Grid system needed for the nu-
merical solutions was generated by a transfinite interpolation scheme. KIVA-II was further modified for the current
study.

Preliminary results illustrate some of the major features of the flow and temperature fields inside the QQ/LC
zones. Formation of the co- and counter-rotating bulk flow and the sandwiched-ring-shape temperature field, typical
of the confined  inclined jet-in-cross flow, can be seen clearly and is consistent with experimental observations. The
calculations of the mass-weighted standard deviation and the pattern factor of temperature revealed that the mixing
performance of the STC combustor is very promising. The temperature of the fluid leaving the LC zone is very
uniform. Prediction of the NOx emission index showed that there was no excessive thermal NOx produced in the
QQ/LC zones for the case studied. From the results obtained so far, it appears that the modified KIVA-II code can
be used to guide the low emission combustion experiments.

INTRODUCTION

This study is the second part of two part numerical investigation on a low emissions staged turbine combustor
(STC) shown in figure 1. This STC combustor consists of a fuel nozzle (FN), a rich-burn (RB) zone, a converging
connecting section, a quick-quench (QQ) zone, a diverging connecting section, and a lean-combustion (LC) zone.
From the computational efficiency viewpoint, the STC combustor was divided into two subsystems, called the FN/
RB zone and QQ/LC zones, and the numerical solutions were obtained separately for each subsystem with a consid-
erable amount of zone overlap to minimize the effect of interzone boundary conditions. Part I (ref. 1) was concerned
with the numerical study of the turbulent two-phase reacting flows inside the FN/RB zone using a modified version
of the KIVA-II code (ref. 2). An advanced airblast fuel nozzle, which has two fuel injection passages and four air
flow passages, was used for supplying air and fuel for the RB zone. Preliminary results were obtained and showed
some of the major features of the flow and temperature fields inside the RB zone.

Numerical simulation of gas turbine combustors has become increasingly more important in the past decade.
Solutions obtained by numerical method are often used to assist experimental studies which, in turn, will save time
and money by reducing the number of tests and possible hardware modifications. However, complete numerical
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studies of potential complex STC combustors are still in their infancy. The most recent studies dealing with the QQ
zone dilution jet mixing problems in flametube combustors can be found in references 3 to 7.1 In their approach, the
fluid and thermodynamic properties at the inlet of the QQ zone were assumed to be uniform and were estimated by a
one-dimensional model for the RB zone. Their main focus was on the dilution jet mixing inside the QQ zone.
Parameters, such as the momentum flux ratio, slot aspect ratio, and mixing flow area were investigated.

This paper describes the numerical analysis of the three-dimensional reacting fluid flow and heat transfer inside
the QQ/LC zones. In these zones, cool dilution air was injected into the QQ section through inclined slots. A con-
verging section was used to connect the RB and QQ zones and a diverging section was used to link the QQ and LC
zones. The diameters of RB, QQ, and LC zones were in the ratio of 1.2 to 1.0 to 1.4. Inlet conditions of the QQ/LC
zones were not assumed but were obtained from the rich combustion zone results as described in part I. Conditions
at the slot opening (dilution jet) were chosen closely related to those encountered in advanced combustions systems.

DESCRIPTION OF PROBLEM

The system under investigation is the QQ/LC zones shown figure 1. To minimize the effect of the interzone
boundary conditions, the inlet boundary was extended 1.8159 in. upstream of the convergence section. This location
corresponds to one gridline in the RB zone (ref. 1). To avoid flow contamination due to the numerical outflow
boundary conditions, the LB zone had a length of 6.3 in., i.e., 6.3 in. downstream of the divergence section. Figure 2
shows the geometry used to model the QQ/LC zones. In this figure, D and Lquick are the diameter and the length of
the QQ zone, respectively.

There were eight equally spaced 45° inclined slots located around the perimeter of the QQ zone. The center of
the slots was located at D/3 from the inlet of the QQ zone. The slot aspect ratio (length to width) was 6. Due to geo-
metric symmetry, only one slot was modeled resulting in a 45° sector and the slot was symmetrically located at the
center plane of the sector.

At the upstream inflow boundary, the hot rich mixture from the RB zone enters the QQ section. A tension spline
interpolation (refs. 8 and 9) was then used to interpolate the necessary information at the inlet. The actual boundary
conditions were the specification of the three velocity components, density, turbulent kinetic energy, and the turbu-
lent length scale. Because the flow is subsonic, the pressure and temperature cannot be specified, but instead must be
calculated as part of the solution. If the calculated pressure does not differ significantly from the RB zone value at
the same location then the solution is assumed to be complete. However, if the calculated pressure differs signifi-
cantly then the RB zone solution must be repeated. The new outflow boundary condition for the RB zone would be
the pressure obtained from the QQ zone solution. This process would be repeated as necessary.

At the jet inflow boundary, the dilution jet was air (consisting of 76.8 percent N2 and 23.2 percent of O2) and
entered the inclined slot with uniform radial velocity. The following jet inlet conditions were chosen in this study:

Temperature = 1000 °F (811 K)
Pressure = 90 psia (6.205×106 dynes/cm2)
Jet-to-mainstream momentum flux ratio (J = ρjVj

2/ρ∞V2
∞) = 60

Turbulent kinetic energy = 0.1 of Vj
Turbulent length scale = 0.13 of D

where Vj and ρj are the jet inflow radial mean speed and density, respectively, and the subscript ∞ refers to the main-
stream flow condition. The slot flow area was modified to maintain a constant jet-to-mainstream mass flow rate ratio
(MJMR) of 3 and a slot orifice discharge coefficient of 0.6. The jet inlet boundary conditions were the specification
of ρj (calculated form the temperature and pressure given above) and Vj (calculated from the J and MJMR given
above). The turbulent intensity (v') and length scale were specified at the values given above, according to
Talpallikar et al. (refs. 3 and 4). The exit boundary condition was to specify the pressure. The combustor walls were
assumed to be adiabatic with a turbulent boundary layer. These conditions were enforced using wall functions
(ref. 2). At the transverse boundaries (see fig. 2), periodic boundary conditions were applied.

1Reference 6 included the RB zone (premixed, prevaporized) and therefore the swirl entering the QQ zone was not assumed.



NASA CR–204140 3

NUMERICAL METHOD OF SOLUTION

Since jet-in-cross flow is three-dimensional (3D), the dilution jet flow field was modeled as a 3D, compressible,
and turbulent reacting flow and was closed by a κ−ε turbulent model with wall function. The numerical solutions
were obtained by a modified version of KIVA-II, implemented to study the aforementioned objective.

Grid System

In order to generate a grid system for gas turbine combustor with inclined slots, an algebraic grid generation
method has been developed (ref. 10) based on the transfinite interpolation (TI) method (refs. 11 and 12). As the
details of this method can be found in reference 10, only the essence will be presented here.

To facilitate the grid generation scheme, the computational domain shown in figure 2 was divided into three
subdomains: the RB zone together with the convergence section, the QQ zone, and the divergence section along
with the LC zone. The TI method was first carried out for the QQ zone with grid lines passing exactly through the
desired slot (size and location) with zero inclination angle. The next step was to use the TI method again for the
other two subdomains but the grids were generated only for one axial-radial (z-r) plane. The final step was to patch
the lines in the azimuthal (θ) direction based on the previously generated QQ zone 3D grid. A perspective view of
the finished grids up-to-this-step is shown in figure 3. Figure 4 shows the cross-sectional views, r-θ plane and
z-r plane, of figure 3. There were 51 points in the z direction, 21 points in the r direction, and 19 points in the θ
direction.

To obtain the inclined slot grids, the mesh generated above was twisted by the desired angle about the center-
line and a reference base plane (r-θ plane). Figure 5 shows the perspective view of the grid system with a 45°
inclined slot in which the reference base plane was the inlet of the QQ zone (i.e. the last plane of the convergence
section).

To see the effect of the twisted mesh on the solutions, a pure pipe flow with uniform inlet and without swirl was
run for the grid system with and without twisting. As it was found that the fictitious swirl due to the twisted mesh
was less than 1 percent and, thus, was considered insignificant. The grid system of figure 5 was used in this study.

Code Modifications

In addition to the modifications made to the basic KIVA-II code for the study of the FN/RB zone described in
part I (ref. 1), further modifications are needed for current problem. Following are the descriptions of the additional
changes made to the code.

The grid system, described above, was generated separately, and the KIVA-II code was modified to read the
grid information accordingly in the input data routine. The geometry routines were modified so that the dilution slot
on the right wall (from KIVA-II view) can be identified. The boundary condition routines were modified so that the
inflow information at the slot can be specified. The data input routine was also modified to read the inlet boundary
information obtained from the RB zone. Species information of air at the slot were also included.

To see the mixing effectiveness, the mass-weighted standard deviation (MWSD) and the pattern factor (PF) of
temperature were selected and were included in the KIVA-II calculations. The MWSD and PF were defined as:
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according to reference 3. The lower the value of MWSD and PF, the better the mixing that can be achieved.

RESULTS AND DISCUSSION

Preliminary results were obtained for the reacting fluid flow and heat transfer taking place inside the QQ/LC
zones. Due to the twisted mesh, only the r-θ plane plots are given. Figure 6 shows the isotherms and the velocity
vectors at the inlet which were taken from the RB zone solutions at the location described in the “description of
problem” section. As one can see that, the inlet conditions were nonuniform and with swirl. Accordingly, as done in
the previous studies (refs. 3 to 7), assuming uniform, nonswirling inlet conditions to the QQ zone would not be very
accurate.

The velocity vectors and isotherms at the center plane of the slot are given in figure 7. Due to the slanted slot,
the two vortices, located on both sides of the jet, and the isotherms were not symmetrical about the jet. It can be seen
that, near the wall, the high velocity dilution jet deflects the mainstream causing swirl rotating in the direction paral-
lel to the slot. However, near the axis, the mainstream deflects the dilution jet setting up a counter-rotating swirl (in
the main flow direction). Figure 8 shows the flow and temperature fields at the end of the slot opening.

The interaction of the inclined jet with the mainstream fluid described above was the cause of the co- and
counter-rotating bulk flow pattern shown in figure 9, in which the isotherms are also given. This is the plane located
about 1.834 in. downstream of the slot center. From figure 9, there was a high shear layer (HSL) located near the
midsection. From the isotherms plot, it can be seen that the HSL mainly contains the lower temperature fluid, an
indication of the effect of the jet penetration. The sandwiched-ring-shape (for a whole circle) temperature field, in
the order of hot-cold-hot, can be seen clearly in figure 9. This bulk swirl flow and the sandwiched-ring-shape iso-
therms, typical of the confined slanted jet-in-cross flow, had been observed experimentally (ref. 6).

The bulk swirl flow persisted further downstream as shown in figures 10 and 11. At the end of the divergence
section (see fig. 11), the HSL was moving toward the axis due to the increasing flow cross-sectional area At the exit
of the LC zone, the bulk swirl flow had almost disappeared and the fluid temperature was in the range of 1250 to
1350 K, as shown in figure 12.

The values of MWSD and PF at various z locations are given in figure 13. The peak shown in the figure was
caused by the jet. It was observed from this figure that the fluid was well mixed before leaving the LC zone, indicat-
ing that the mixing performance of the STC combustor is very promising. Figure 14 gives the emission index of CO
and NO at different z locations. Note that, in this figure, the x-axis represents the distance (in inches) downstream of
the fuel nozzle described in part I. Prediction of the NOx emission showed that there was no excessive thermal NOx
produced in the QQ/LC zones for the case studied.

To save time in this preliminary study, the calculations were not repeated to match the pressures at the main-
stream inlet (or the RB zone pressures at the same location). This coupling study together with parametric studies,
such as the STC combustor geometry, momentum flux ratio, mass flow rate redo, slot inclination angle, slot aspect
redo, slot number, etc., will be given in the near future.

CONCLUSIONS

In this study, numerical solutions of the chemically reactive flow inside the QQ/LC zones were obtained
through a modified version of the KIVA-II code. In the QQ zone, cool dilution air was injected into the hot rich
mixture through 45° inclined slot. Results obtained from the RB zone were used as the inlet conditions for the QQ
zone. A tension spline interpolation scheme was then used to interpolate the necessary information needed at the
mainstream inlet. The jet inlet conditions were chosen closely related to those encountered in advanced combustion
systems.

Preliminary results illustrate some of the major features of the flow and temperature fields inside the QQ/LC
zones. Formation of the co- and counter-rotating bulk flow and the sandwiched-ring-shape temperature field can be
seen clearly and is consistent with experimental observations. From the calculations of the MWSD and the PF of
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temperature revealed that the mixing performance of the STC combustor is very good. The temperature of the fluid
leaving the LC zone is very uniform. From the results obtained so far, it appears that the modified KIVA-II code can
be used to guide the low emission combustion experiments.
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Figure 2.—Geometry of the system under investigation and it's specifications.
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Figure 4.—Cross-sectional views of the grid.
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Figure 7.—Velocity vectors and isotherms at the center plane of the slot.
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Figure 6.—Velocity vectors and isotherms at the inlet.
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Figure 8.—Velocity vectors and isotherms at the end plane of the slot.
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Figure 9.—Velocity vectors and isotherms at the 1.834 in. downstream of the slot center plane.
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Figure 10.—Velocity vectors and isotherms at the beginning of the divergence section.
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Figure 11.—Velocity vectors and isotherms at the end of the divergence section.
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